Naphthoquinones interact with biological systems by generating reactive oxygen species (ROS) that can damage cancer cells. The cytotoxicity and the antitumor activity of 3-acyl-2-phenylamino-1,4-naphthoquinones (DPB1-DPB9) were evaluated in the MCF7 human breast cancer cell line and in male Ehrlich tumor-bearing Balb/c mice. DPB4 was the most cytotoxic derivative against MCF7 cells (EC 50 15 µM) and DPB6 was the least cytotoxic one (EC 50 56 µM). The 1,4-naphthoquinone derivatives were able to cause DNA damage and promote DNA fragmentation as shown by the plasmid DNA cleavage assay (FII form). In addition, 1,4-naphthoquinone derivatives possibly interacted with DNA as intercalating agents, which was demonstrated by the changes caused in the fluorescence of the DNA-ethidium bromide complexes. Cell death of MCF7 cells induced by 3-acyl-2-phenylamino-1,4-naphthoquinones was mostly due to apoptosis. The DNA fragmentation and subsequent apoptosis may be correlated to the redox potential of the 1,4-naphthoquinone derivatives that, once present in the cell nucleus, led to the increased generation of ROS. Finally, certain 1,4-naphthoquinone derivatives and particularly DPB4 significantly inhibited the growth of Ehrlich ascites tumors in mice (73%).
Introduction
Cancer is a heterogeneous group of diseases resulting from accumulated genetic changes. Data from the World Health Organization demonstrate that these diseases are the main cause of death in economically developed countries and the second leading cause of death in developing countries (1) . Although chemotherapy is currently the most common treatment regimen for the majority of cancers, several chemotherapies exhibit a low therapeutic index, resulting in serious side effects (2) . For this reason, studies in the field of cancer therapy have led to the development of novel drugs that aim to maximize the effectiveness against cancer, to avoid the side effects and to prevent multidrug resistance (3) .
Among numerous natural and synthetic compounds that were investigated for their anticancer potential, compounds containing quinone moieties, including doxorubicin and other anthracyclines, are widely used as efficient anticancer drugs (4) . The drugs' main mechanisms of action are thought to involve: i) A direct interaction with DNA; ii) topoisomerase inhibition; and iii) generation of reactive oxygen species (5, 6) . However, their use is limited by side effects, such as cardiotoxicity (7) . Quinones and particularly 1,4-naphthoquinones are abundant in nature and display diverse pharmacological properties, including antibacterial, antifungal, antiviral, anti-inflammatory, antipyretic and anticancer activities (8, 9) . The presence of electron-donating or electron-withdrawing substituents linked to the vinyl double bond of 1,4-naphthoquinones modulates the generation of quinone radical anion species. The redox properties of the radical anion species enable these compounds to undergo a catalytic cycle and in the presence of molecular oxygen they generate reactive oxygen species (ROS), including hydrogen peroxide and superoxide anions, which damage the DNA and certain essential proteins. These agents represent a promising approach for targeting cancer cells (10) (11) (12) . Indeed, as a result of metabolic changes and oncogene activation, cancer cells generally exhibit high levels of ROS, which can stimulate cell proliferation and promote genetic instability (13) . Additionally, it has been revealed that cancer cells exhibit a low antioxidant defense activity compared with healthy cells (14) . The biochemical differences between normal and cancer cells represent a specific vulnerability that can be selectively targeted in cancer therapy.
The aim of the present study was to evaluate the activity of a variety of 3-acyl-2-phenylamino-1,4-naphthoquinones ( Fig. 1 ) in order to obtain insights into the influence of the combined electronic donor/acceptor effects (known as push-pull) of the phenylamine/acyl substituents, located at the vinyl double bond of the 1,4-naphthoquinone core, on the survival (including the cell death mechanism) of MCF7 breast cancer cells and Ehrlich ascites tumor growth in a mouse model. Additional assays were performed to assess the physical interaction of these compounds with plasmid DNA and their DNA intercalation properties.
Materials and methods
Chemicals. Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS) and antibiotics were purchased from Cultilab (Campinas, SP, Brazil). Dimethylsulfoxide (DMSO), dichlorof luorescein diacetate (DCFH-DA), agarose, distamycin, catalase, calf thymus DNA (CT-DNA), N-acetylcysteine and bovine serum albumin were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA). The annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit was purchased from BD Pharmingen (San Diego, CA, USA). The Perfectprep Plasmid Mini extraction kit was purchased from Eppendorf (Hamburg, Germany). All the other chemicals ACS grade reagents.
General procedure for the preparation of 3-acyl-2-phenylamino-1,4-naphthoquinones. The preparation of the core 3-acyl-2-phenylamino-1,4-naphthoquinones was initiated with the synthesis of 2-acylnaphthohydroquinones via solar-induced Photo-Friedel-Crafts acylation of 1,4-naphthoquinone with aldehydes according to a previously reported procedure (12) . The resulting compounds were then oxidized with silver (I) oxide in dichloromethane, and the corresponding 2-acyl-1,4-naphthoquinones were reacted in situ with selected phenylamines in a one-step procedure to produce the corresponding 3-acyl-2-phenylamino-1,4-naphthoquinones DPB1-DPB9 ( Fig. 1) (15) . The quinone structures were confirmed by comparing their infrared and proton/carbon nuclear magnetic resonance spectral properties to those reported in the literature (15) .
In vitro assays
Cytotoxicity assays. The MCF7 human breast carcinoma cells were obtained from the Rio de Janeiro Cell Bank (Rio de Janeiro, Brazil). The cells were cultured at 37˚C in the presence of 5% CO 2 and 95% humidity. DMEM supplemented with 10% FBS, penicillin (100 U/ml) and streptomycin (100 µg/ml) was used as the culture medium. The cytotoxic effect of 3-acyl-2-phenylamino-1,4-naphthoquinones on breast cancer cells was tested using the MTT assay as described previously (16) . Briefly, 10 4 cells/well were plated in 96-well plates. After reaching confluence, the cells were exposed to the respective 3-acyl-2-phenylamino-1,4-naphtoquinones (0-80 µM) for up to 24 h. The cells were then washed twice with phosphate-buffered saline (PBS) and incubated for 2 h with MTT (0.5 mg/ml). The formazan crystals were solubilized by adding DMSO (100 µl/well) and the absorbances of the colored solutions were read at 550 nm.
Plasmid DNA cleavage. The plasmid DNA cleavage assay was performed as previously described by Günther et al (17) with minor adaptations. For this assay, the supercoiled PUC 9.1 plasmid DNA was isolated from the DH5SαFIQ Escherichia coli strain using a Maxi Prep kit (Qiagen, Hilden, Germany) and according to the manufacturer's instructions. The plasmid DNA (600 ng) was treated with the test compounds (0.05 µM) in hydroxyethyl-piperazineethanesulfonic acid (HEPES) buffer at pH 7.4 for 16 h in the dark at 37˚C. The samples were electrophoresed for 40 min at 90 V on a 0.8% agarose gel in Tris-borate-ethylenediaminetetraacetic acid buffer. The gel was stained with 0.5 µg/ml ethidium bromide and then visualized and photographed under ultraviolet light. The images were analyzed using ImageJ 1.46 bioinformatics software (National Institute of Health, Bethesda, MD, USA) in order to compare the band intensity and the pixel number presented by the supercoiled intact form (FI), open circular (single strand break -FII) and linear plasmid form (double strand break -FIII). Furthermore, the DNA intensity of the FI form was corrected by a factor of 1.47 due to its reduced ability to be stained by ethidium bromide (18) .
Intercalation assay. In order to determine whether the 3-acyl-2-phenylamino-1,4-naphthoquinones interact with CT-DNA by intercalation, the DNA-intercalating agent ethidium bromide was used (18) . The CT-DNA was diluted with 50 mM phosphate buffer containing 0.1 M NaCl (pH 7.4). NaCl was included to avoid second binding of ethidium bromide to the DNA. The concentration of CT-DNA used was 20 µM. The emission spectrum of ethidium bromide in the presence and absence of DNA was recorded at concentrations in the range of 10-110 µM in order to identify the saturation point of the DNA sites corresponding to the binding of this compound. Once the saturating concentration of ethidium bromide was established (30 µM), the fluorescence absorbance was measured using increasing concentrations of 3-acyl-2-phenylamino-1,4 naphthoquinones (DPB1, DPB2, DPB4 and DPB5). The absorbance was recorded at room temperature 10 min after the addition of the compounds. A TECAN Infinite M200 fluorescence reader (Tecan Austria GmbH, Grödje, Austria) was used for the measurements using a protocol adapted from Silveira et al (19) . The excitation wavelength used was 492 nm and the emitted fluorescence was measured at ~620 nm.
Intracellular ROS determination. Intracellular ROS were evaluated according to the procedure described by Glorieux et al (20) . The cells (15,000) were loaded with 10 µM DCFH-DA in Hank's balanced salt solution (HBSS) at 37˚C and incubated for 30 min. Excess DCFH-DA was removed by washing with fresh Hank's buffer solution HBSS. The cells were then incubated for 2 h with the test compounds, washed twice more with HBSS and then 100 µl of HBSS/well was added. The fluorescence intensity of dichlorofluorescein was measured at an excitation wavelength of 485 nm and an emission wavelength of 520 nm. Changes in the ROS levels were determined by calculating ΔF = (Ft -Fc) / Fc, where Ft represents the fluorescence read at each time-point and Fc the control fluorescence.
Assessment of the mechanism of apoptosis. Apoptosis was quantified using an annexin V-FITC apoptosis detection kit from BD Pharmingen (San Diego, CA, USA), which detects phosphatidylserine that is externalized during the early phases of apoptosis. Briefly, MCF7 cells were plated at a density of 10 6 cells/well in 12-well plates. Subsequent to an overnight incubation, the cells were treated with 3-acyl-2-phenylamino-1,4-naphthoquinones (15 µM) for 24 h. The negative control was treated with 0.25% DMSO in fresh culture medium. The cells were then washed with PBS (three times) at 37˚C, trypsinized, washed again with PBS (three times) at 37˚C and then resuspended in 200 µl binding buffer [0.1 M HEPES/NaOH (pH 7.4), 1.4 M NaCl and 25 mM CaCl 2 ] diluted 1:10 in distilled water. Next, 5 µl annexin V-FITC was added and the samples were incubated for 15 min in the dark. Finally, 5 µl propidium iodide was added and flow cytometric analysis was performed. The fluorescence intensities of annexin V-FITC and propidium iodide were measured using a 488 nm excitation filter, and the emission was detected in the range of 515-545 nm and 564-606 nm, respectively. The data were analyzed using the WinMDI software (BD Pharmingen).
In vivo antitumor activity
Animals and treatments. Male isogenic Balb/c mice weighing 20±2 g were housed under controlled conditions (12-h light/dark cycle, 21±2˚C, 60% humidity) and had free access to standard food and water. All the animals were allowed to acclimatize for at least five days prior to the first treatment. The animals fasted for 12 h prior to the treatment with water provided ad libitum. All the animal procedures were conducted in accordance with legal requirements appropriate to the species (NIH publication no. 80-23, revised in 1978) and with approval from the local ethics committee (CEUA-PP00744) of the University of Santa Catarina (Florianópolis, Brazil).
The Ehrlich ascites carcinoma (5x10 6 cells) were inoculated in the peritoneum of mice under aseptic conditions; this time-point was regarded as day zero. The animals were divided into six groups (n=6): A negative control treated with 0.9% NaCl (50 µl); a positive control treated with doxorubicin (1.2 mg/kg); plus four test-groups treated with DPB1, DPB2, DPB4 and DPB5 (0.16 mg/kg), respectively. The intraperitoneal treatments began 24 h after tumor inoculation and they were repeated every 24 h for nine days. On day ten, all the animals were anesthetized and sacrificed by cervical dislocation.
Inhibition of tumor growth. The inhibition of tumor growth was determined by measuring the change in the abdominal circumference of mice between day zero and day ten based on previously reported methods (21) . The following formula was used: Inhibition of tumor growth (%) = [(variation in waist circumference of the treated group x 100) / variation in waist circumference of the control group] -100.
Data analysis. The assays were performed in triplicate and in vitro assays were repeated at least three times. Unless otherwise specified, values are expressed as the mean ± standard deviation. Data were analyzed for statistical differences using the one-way analysis of variance test followed by the Bonferroni test. The EC 50 values were determined using the GraphPad Prism software (San Diego, CA, USA). Differences between values with P<0.05 were considered statistically significant.
Results and Discussion
Cytotoxic effect of 3-acyl-2-phenylamino-1,4-naphthoquinones on MCF7 cells. The EC 50 -values obtained following incubation of MCF7 cells for 24 h with 3-acyl-2-phenylamino-1,4-naphthoquinones at different concentrations (5-80 µM) are shown in Table I . The quinones exerted significant cytotoxic effects (EC 50 <60 µM). DPB4 was the most cytotoxic (EC 50 15.0 µM) and DPB6 (EC 50 56.0 µM) the least cytotoxic compound. The differences in the EC 50 -values indicated that the nature of the substituent group influences the cytotoxicity of these quinones. A previous study showed that changes in the quinoid core alter the cytotoxicity of quinones in a panel of cancer cells (MCF7, DU145, T24, J82, AGS, and BEM-SK-1) and impair the proliferative capacity of T24 cells (12) . Additionally, the electronic properties of the substituent bound to the quinone core may interfere with the redox cycling process and thus affect the production of ROS (11) .
Cleavage of plasmid DNA by 3-acyl-2-phenylamino-1,4naphthoquinone.
It was demonstrated that the 3-acyl-2-phenylamino-1,4-naphthoquinones at 0.05 µM were able to cause mild plasmid DNA fragmentation (Fig. 2) . In parallel with the cytotoxicity results, DPB1 and DPB4 were the most genotoxic compounds. They caused single-strand breaks in the DNA as indicated by the appearance of bands of the FII DNA form at ratios of ~22 and 30%, respectively. EcoRI was used as the positive control, causing 71% of DNA single-strand cleavage resulting in the open circular form (FII) and 5% double-strand cleavage resulting in the linear FIII form.
DNA strand breaks compromise the integrity of the genetic information and therefore decrease the cell viability. It is likely that 3-acyl-2-phenylamino-1,4-naphthoquinones exert cytotoxic effects resulting in apoptosis of tumor cells since they can induce DNA fragmentation.
DNA intercalation by certain 3-acyl-2-phenylamino-1,4-naphthoquinones.
The fluorescence spectra of CT-DNA/ethidium bromide associated with 3-acyl-2-phenylamino-1,4 naphthoquinones (1-40 µM) were evaluated to check whether these compounds have an intercalating activity. Substances able to intercalate into DNA cause a reduction in the amount of ethidium bromide bound to DNA with respective decreases in their fluorescence intensity (18) . It was demonstrated that 3-acyl-2-phenylamino-1,4 napthoquinones decreased the fluorescence intensity in a concentration-dependent manner (Fig. 3) . Thus, they are capable of intercalating into DNA. DPB4 caused the strongest reduction in ethidium bromide fluorescence; thus it is expected to have the strongest intercalating activity as compared to DPB1, DPB2 and DPB5 (Fig. 3) . It is known that doxorubicin, besides acting as a nuclease by an oxidative mechanism, also acts through a non-specific DNA-intercalating action (22, 23) , similar to that observed for 3-acyl-2-phenylamino-1,4 naphthoquinones. Intercalating agents may be useful in treating cancer since they exhibit antiproliferative effects. Once these agents are present between the DNA strands, they can block DNA replication and cell proliferation. Several cellular mechanisms may be triggered under such conditions, leading either to cell death or senescence. p53 is activated to induce DNA repair and if this is not effective, apoptosis occurs.
Intracellular ROS levels. MCF7 cells exposed to 3-acyl-2-phenylam ino -1,4 -naphthoquinones revealed increased intracellular levels of ROS compared with the negative control ( Fig. 4) . In cells exposed to DPB4 and DPB1, the content of intracellular ROS was found increased up to 10 and 8-fold, respectively ( Fig. 4) .
A study by Verrax et al (24) indicated that the potential of the majority of quinone derivatives to induce the generation of cellular ROS should depend on their redox potential.
Mechanisms of cell death. The treatment of MCF-7 cells with 3-acyl-2-phenylamino-1,4-naphthoquinones increased the frequency of both apoptotic and necrotic cells in comparison to the negative control ( Fig. 5 and Table II ). Apoptosis was identified to be the main mechanism underlying induced cell death. Particularly, cells were found mostly in the stage of late apoptosis.
Although apoptosis induced by 3-acyl-2-phenylamino-1,4-naphthoquinones could have been triggered by the intercalation into DNA, it is also well-known that increased levels of ROS can culminate in both apoptosis and necrosis (25, 26) . For instance, a previous study demonstrated that juglone (5-hydroxy-1,4-naphthoquinone) induced apoptotic death in HL60 leukemia cells, and this effect was avoided in the presence of the antioxidants N-acetylcysteine and catalase (27) . A study indicated that the oxidative stress induced by certain quinones can lead to cell death either through necrosis or apoptosis, depending on the concentration and exposure time to the oxidizing agent, as well as the cell type (28) . DPB4 exerts strong antitumor effects due to its ability to kill cancer cells via intercalating into DNA and by increasing the generation of ROS that cleave DNA. All these events culminate in increased levels of apoptosis and necrosis ( Fig. 5 and Table II ) and they are involved in the mechanism underlying the cytotoxicity of the series of 3-acyl-2-phenylamino-1,4-naphthoquinones investigated in the present study.
Apoptotic cells (%)
Antitumor effect in vivo. The effects of the 3-acyl-2-phenylamino-1,4-naphthoquinones against the Ehrlich ascites carcinoma in mice are shown in Fig. 6 . All the 3-acyl-2-phenylamino-1,4-naphthoquinones that were assayed presented a certain effect as compared with the negative control. DPB4 was initially indicated by the in vitro assays to be the most potent compound, and was also confirmed to be the most promising candidate in vivo, as it was capable of reducing tumor growth by up to 70%. Once the results are confirmed, it will be possible to predict whether DNA intercalation and the increased ROS generation are not constrained in vivo by antioxidant defenses, by the immune system or by drug biotransformation. Due to its potency in the present study, DPB4 was selected as a potential prototype for further studies in the development of a novel antitumor drug.
